approach for solving [he problem Df If-pl ane ~lI\'l!gu ide junctiDns " ith lossy feni le posts Df arbi lrary shupe is proposed. llw jlllK'liuns are all o,,-ed 11,1 have arbitrary eross ~Iion. The approach is a rOlllbin:ltio n I,If the n"ite-el", menl method and the analytica l method. To ..how Ihe "~Iid ity a nd usefull\esl> of [he method, V-June[ion eircu lalors with a (ir('uhl" ferrile paS[ are considered. Our results agree well wilh earl ier ~~puinll'nl~1 and l!teore licil resulls. The ~rfol"lna~es 01 V-ju nctiun drculato,-.; ,,-llh a triangu lar cquilate rnl fenile pos[ Dr a triangular ferrite [IO't h~ving uepreswll sides Ire inveSli ga ted. The influences uf [he !eITite ~o;es un the performance are exami ned. This analysis, however, is limited for j unctions Ihat have geometrical symmet ry. Recently, the point-matching method was extended to the asymmetri cal junctions (5] and was applied to the junctions with a tria ngular ferri te post (6J. The point-matching technique is powerful for the waveguide junctions with arbitrarily shaped ferrite posts, but the ferrite losses are neglected. Okamoto [71 presented a method based on Ihe ~nlegral equations for solving the problem of waveguide Junctions with lossy ferrite posts. In his approach, the Junctions are allowed to have an arbitrary cross section and arbitrary number o f ports, but only the ferrite posts wi th S~l ooth boundaries such as a circular ferrite post and a trtangular ferrite post having rounded angles are studied.
AiI!llr,,1'/ -/\ lIumeri cal approach for solving [he problem Df If-pl ane ~lI\'l!gu ide junctiDns " ith lossy feni le posts Df arbi lrary shupe is proposed. llw jlllK'liuns are all o,,-ed 11,1 have arbitrary eross ~Iion. The approach is a rOlllbin:ltio n I,If the n"ite-el", menl method and the analytica l method. To ..how Ihe "~Iid ity a nd usefull\esl> of [he method, V-June[ion eircu lalors with a (ir('uhl" ferrile paS[ are considered. Our results agree well wilh earl ier ~~puinll'nl~1 and l!teore licil resulls. The ~rfol"lna~es 01 V-ju nctiun drculato,-.; ,,-llh a triangu lar cquilate rnl fenile pos[ Dr a triangular ferrite [IO't h~ving uepreswll sides Ire inveSli ga ted. The influences uf [he !eITite ~o;es un the performance are exami ned.
IN'J'RODUCfIO N
A PPLICATIONS OF waveguide junctions with ferrite posts have been of wide-ranging use in microwave devices and circuits, and research on them has been continued steadi ly. Davies [1] presen ted the theoretical treatmenl for a symmetrical waveguide junction circulator with a circular ferrite post. This met hod was extended to junctions with coaxial composite ferr ite posts which prod uced much larger bandwidths [2] -[41. This analysis, however, is limited for j unctions Ihat have geometrical symmet ry. Recently, the point-matching method was extended to the asymmetri cal junctions (5] and was applied to the junctions with a tria ngular ferri te post (6J. The point-matching technique is powerful for the waveguide junctions with arbitrarily shaped ferrite posts, but the ferrite losses are neglected. Okamoto [71 presented a method based on Ihe ~nlegral equations for solving the problem of waveguide Junctions with lossy ferrite posts. In his approach, the Junctions are allowed to have an arbitrary cross section and arbitrary number o f ports, but only the ferrite posts wi th S~l ooth boundaries such as a circular ferrite post and a trtangular ferrite post having rounded angles are studied.
In Ihis paper, a fini te-element method for the analysis of the H-plane waveguide junctions with lossy ferrite posts of arbitrary shape is described.
For the analysis of planar circulators, Lyon and Helszajn III] presented a method based on circuit theory and the r .
lOne-element method. In their approach, the system is f1sSumed to be free of any losses and the fi nite-element n:'ethod is used for the computation of the eigenvalues and eIgenvectors o f the normal modes of a magnetized ferrite : 'E log N umbcr S405l!13. resona tor, and then the ci rcuit parameters are determined by using these data of the normal modes. Their approach is very useful for the planar circulators using arbitrarily shaped resonators and it can be applied to H-plane waveguide junctions with arbitrarily shaped ferrite posts. However, the scallering coefricients are quite sensitive to the values of the circui t parameters, so it is necessary to ensure that sufficient significant digits are carried through in the computation of the normal modes. In our approach, on the other hand, it is not necessary to compute the eigenvalues and eigenvectors of the normal modes. Making use of the method, we fi rs! treat Y -junction circulators with a circular ferrite post for comparison with the previously published experimental and theoretical results [31, [51-[71 . The performance of Y -junction circulators with a lriangular equilatera l fe rrite post or a triangu lar ferrite post having depressed sides are nCA t investigated. The influences of the ferrite losses on the performance are examined. (1)
Here w is the angular frequency, 110 is the penneability of free space, Ho is the internal de magnetic field, M , is the saturation magnetization, flH is the resonance linewidth, y is the gyromagnetic ratio, and [.J denotes a matrix.
Considering the excitation by the dominant TE IO mode, the field E z , fl " and Hy satisfy the following relations:
. .
(8)
Here (0 is the permittivity of free space, €. is the relative permittivity, and 5 is the dielectric loss angle.
III. MATHEMATICAL FORMULATION

A. Finite -Element Approach
Dividing the region 0 into a number of second-order triangular elements in Fig. 2 , the electric field E z within each element is defined in terms of the electric fi eld E z at the cor"ner and midside nodal points E,~ (N}T(E,), (11) where {E z ) ~ is the electric field vector corresponding to the nodal points within each element, {N} is the shape function vector [10] , and T, {.}, and {.}T denote a transpose, a column vector, and a row vector, respectively. Using a Galerkin procedure on (7), we obtain ff (
where the integration is carried over the element sulbd"-l main O~ and {O} is a null vector.
Integrating by parts, (12) becomes Substituting (8) and (9) into (13), considering p. = f-lo and; K = 0 on r" and E z = 0 on r, using (11), and assembling the complete matrix for the region n by adding the contributions of all different elements, we obtain 
. (B(N) B(N}T B(N} B(N}T))
where (15) Here 
Here the components of the (E z ) i and {E.}" vectors are the values of the electr ic field E z at nodal points on the boundaries f,(i = 1,2,3) and fr(i' = 1',2', 3'), respectively, 
B. Analylical Approach
Assuming that the dominant TEIO mode of unit amplitude is incident from the waveguide j(j = 1,2,3) in Fig. 1, E, on f i may be expressed analytically as
Here lJ;j is the Kronecker O.
Using (11), (19) can be discretized as follows : 
C. Combination of Finite-Elemenl and Analytical Relations
Using (22), from (16) we obtain the following final matrix equation:
where • lony ~PO'I 2 0 -"
' .rr;1t po,1 15 ... ", 13
'--
-- 
IV. NUMER ICAL R ESULTS
We consider a Y -junction circulator with a central ferrite post. A typical division of this circulator into second-order triangular elements is shown in Fig. 2 , where the widths of three waveguides are the same and WI -W z = W3 = 22.86 mm. Convergence of the solutions is checked by increasing m in (24) and the number of the elements. Although the convergence is obtained in the case of m = 4 or 5, in tlUs analysis, the first six evanescent IUgher modes are used in (24), namely m = 7. Assuming that the TElO mode is incident from the port I, the reflection, isolation, and insertion losses [7] . For the lossy case in Fig. 3 •
Pig. 5. Perfonnance of a Y·junction with a TTl·109 triangular ferrite POSI for the first arra ngement.
In Fig. 4 , the agreement with the experimental results is not as good as in Fig. 3 . However, for the lossy cases both in Figs. 3 [7] . Table I shows the dissipative losses. For a TTl·109 ferrite sample, the results obtained by considering both the . ll1agnetic and dielectric losses are also shown. It is found that dielectric losses do not add much to the dissipative losses. Therefore, we neglect the dielectric losses in the fo llowing numerical resul ts.
B. Y -Junction with a Triangular Ferrite Post
Consider a Y -junction with a triangular equilateral fer· rite post. Two specific cases (6] are considered. In the first case, the points of the triangle are in the centers of the waveguides, whereas in the second case, the sides of the tria ngle are in the centers of the waveguides. Numerical " It is found that as the value of a increases, the circulation frequency decreases. In the lossy cases, the isolation slightly meliorates and the reflection slightly deteriorates in the neighb<?rhood of the respective maxima of the performance curves in comparison with the lossless cases. The values of the maximum isolation for the first arrangement (Fig. 5) are larger than those for the second arrangement (Fig. 6) . Table II shows the dissipative losses due to the magnetic losses. The dissipative losses for the first arrangemen t are smaller than those fo r the second arrangement in the neighborhood of the circulation frequency.
C. V -Junction with a Triangular Ferrite Post Having Depressed Sides
We propose a Y-junction with a triangular ferrite post having depressed sides as shown in Figs. 7 and 8. Two specific cases are considered. In the first case (Fig. 7) , the points of the triangle are in the centers of the waveguides, whereas in the second case (Fig. 8) (Fig. 7) are smaller than those the second arrangement (Fig. 8) . . In the first arrangement (Fig. 7) , the points of triangle, which are in the centers of the waveguides, act as dielectric tapers (13] . However, each side of triangle is bent abruptly. Therefore, it seems that performances obtained with the triangular ferrite post ing depressed sides (Fig. 7) are inferior to those . with the triangular ferrite post having straight sides 5). In the second arrangement (Fig. 8) , the sides triangle, which are in the centers of the waveguides, · trimmed [14] and the dissipative losses due to the magn' losses may be reduced . Therefore, it seems that the formances obtained with the triangular ferrite post depressed sides (Fig. 8) are better than those obtained the triangular ferrite post having straight sides (Fig.  Table III shows the dissipative losses due to the netic losses. The dissipative losses obtained with the gular ferrite post having depressed sides in Table  smaller than those obtained with the triangular ferrite in Table II for the same value of a. Tables II and III , it is found that it is possible to optimize the form of the cross section of the ferrite to find the best possible circulator structure, namely higher isolation and reflection losses, smaller insertion loss, and smaller di ssipative loss at the circulation frequency.
V. CONCLUSION
A method of analysis, based on the finite-element approach and the analytical approach, was developed for the solution of H-plane waveguide junctions with lossy ferrite posts of arbitrary shape. The validity of the method was confirmed by comparing numerical results for circular ferrite post circulators with previously published experimental and theoretical results. The performances of Y -junction circulators with a triangular equilateral ferrite post or a triangular ferrite post having depressed sides were also investigated. The influences of the ferrite losses on the performance were examined.
This method can be easily extended to the planar circulators using arbitrarily shaped resonators [81. The problem of how to deal with waveguide junctions with partial-height ferrite posts [15) -[17) hereafter still remains.
